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ABSTRACT 
Past practice in transmission facility rating methods has 
been to calculate ratings for assumed ambient conditions.  Since 
the most severe possible ambient conditions must usually be 
assumed for safety when trying to cover the entire range of 
conditions with one rating, most present facility ratings are 
conservative. 
While this is desirable and even necessary for planning or 
design studies, more realistic ratings are required for fuller 
utilization of existing transmission facilities on an operating 
basis.  Continuous cost signals which are sent out by the Inter- 
connection Office attempt to load each generator according to the 
most economic system dispatch.  On the PJM Interconnection, it 
has not always been possible to operate many generators at their 
most economic point due to transmission limitations.  This "off 
cost" generation has been as high as $1,700,000 for one month 
with a monthly average of approximately $600,000 for PJM for 
1976.  Since new 230 KV transmission costs about $345,000 to 
$400,000 per single circuit mile, exclusive of right of way cost, 
dynamic transmission ratings offer a low cost alternative with 
the potential to save literally millions of dollars. 
Variables such as wind speed, ambient temperature and intensity 
of solar radiation, which must be assumed constant at their most 
pessimistic value for design studies, can be taken advantage of 
for specific operating conditions.  For example, a transmission 
line which is.limited by the conductor sag has its normal summer 
rating calculated at 35°C and 0 wind.  While this particular 
condition exists very rarely, this same rating is used for approxi- 
mately eight months of the year while ambient conditions vary 
greatly from those assumed.  By using the actual ambient conditions, 
the transfer capability of this transmission line can be increased 
within the bounds of allowable "loss of strength". 
This paper explores the feasibility and the value of calcu- 
lating ratings for varying ambient conditions for bulk power 
facilities.  The effect of varying ambient conditions on ratings 
for disconnect switches, circuit breakers, line traps and overhead 
conductors is evaluated and new ratings or rating factors are tabu- 
lated for the different ambient conditions.  The new ratings 
which result are then tested on facilities which had been limiting 
to the economic operation of the PJM Interconnection in the past. 
The economic benefit of the new ratings are evaluated.  The 
limitations of the method and the possible future improvements 
are discussed. 
The paper has developed a simple technique to allow more 
economic operation of the bulk power system by making fuller use 
of the present transmission capability. 
CHAPTER 1 
INTRODUCTION 
The ability of a power system to operate most economically 
is determined to a great extent by the power transfer capability 
of its transmission system. 
Within large interconnections, such as the Pennsylvania-New 
Jersey-Maryland Interconnection (PJM), cost signals are sent from 
a central computer to load each generator to its most economic 
level.  Since, in PJM, the large, economic minemouth generation 
is located away from the large, Eastern urban load centers, the 
limited capability of bulk power transmission system often makes 
it impossible to allocate generation on the most economic basis. 
The "off cost" generation which results when units are forced to 
operate at other than the optimum dispatched level averaged 
approximately $600,000 per month for PJM in 1976 with a monthly 
high of $1,700,000.  Obviously, some means of limiting off cost 
generation is desirable. 
One obvious method of increasing power transfer capability 
is building additional lines.  However, obtaining new right of 
way for overhead transmission is an expensive proposition at 
best, and condemnation proceedings have dragged on for as long as 
six years in recent cases.  Beyond right of way difficulties, new 
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230 KV transmission costs about $345,000 per single circuit mile 
on steel towers and approximately $400,000 per single circuit 
mile on the more desirable steel poles (excluding right of way 
and clearing).  New 500 KV lines cost an average of $500,000 per 
single circuit mile exclusive of right of way and clearing. 
While undergrounding is more desirable on an environmental impact 
basis, the cost is four to six times greater where it is feasible. 
A lower cost alternative of increasing transfer capability 
lies in taking full advantage of the thermal capability of trans- 
mission facilities.  Such variables as wind speed, ambient tempera- 
ture and intensity of solar radiation have effects of varying 
importance on transmission facility ratings.  All present rating 
methods in the PJM Interconnection assume these variables to be 
constant at some pessimistic value (30°C or 35°C ambient tempera- 
ture, 0 wind and full sun, where applicable, for typical summer 
normal ratings).  This, of course, is necessary for system planning 
and design studies since severe ambient conditions will most 
likely occur some time during the planned life of these facilities. 
However, these variables are known more precisely for particular 
operating conditions and one can take advantage of this knowledge 
to more fully utilize existing transfer capability.  Most of the 
present rating programs in PJM have built into them the possibility 
PP&L Magnitude Cost Estimates as of March 24, 197 7 
of calculating facility ratings at other than normally assumed 
ambient conditions.  Thus, with minor modification, we can have 
available ratings for the full spectrum of possible ambient 
conditions. 
Since the transmission line conductor is usually the single 
most expensive facility in the bulk power network and is also the 
most difficult to replace, the major economic benefit lies in 
applying "dynamic conductor ratings".  Accordingly, major emphasis 
will be placed on taking full advantage of conductor thermal 
capability.  However, a sufficient number of lines are limited by 
terminal equipment such as disconnect switches, line traps, and 
circuit breakers that investigation of possible increases in 
capability for less severe ambient conditions for these facilities 
is also warranted for completeness. 
CHAPTER 2 
STATE OF THE ART 
The present method of rating overhead conductor in PJM was 
established in the PJM Transmission & Substation Design Subcommittee 
"i.., 
Conductor Rating Task Force report Determination of Thermal 
Ratings for Bare Overhead Conductors published in January, 1973. 
This report recognized that conductor ratings are affected by 
many factors, including weather conditions, conductor surface 
characteristics, solar radiation and design parameters such as 
maximum conductor temperature and maximum allowable loss of 
strength. While earlier methods had also recognized these factors, 
they had relied totally on selected fixed ambient conditions. 
Since selecting the most severe ambient conditions resulted in 
extremely low ratings, judgement was used to select ambient 
conditions which allowed a "realistic" rating. 
The January, 1973 report recognized that the fixed parameter 
method was inadequate.  A probabilistic model which reflected the 
actual operating history by utilizing actual weather data and an 
assumed load cycle was decided upon to be used in calculating 
conductor "loss of strength".  The weather simulation was deter- 
mined by gathering 26 years of hourly data from Pittsburgh and 
the National Airport in Washington, DC.  These readings were 
summarized in frequency distribution tables ("wind roses") which 
tabulated the data hy wind speed in five degree increments of 
ambient temperature (see Table 1 on pages 9 & 10).  The data was 
separated into summer and winter, day and night categories to 
allow summer/winter ratings and to allow for exclusion of solar 
heating effects during night hours.  Since no significant conductor 
annealing occurs at conductor temperatures which occur when wind 
speeds exceed 5 knots (see Fig. 1 on page 11), wind velocities in 
excess of 5 knots were grouped. 
One modification was made to the tabulated weather data. 
Since the wind roses showed a higher than expected occurrence of 
recorded still air and few occurrences of one and two knot winds, 
the Environmental Science Services Administration (ESSA) was 
consulted for an explanation.  This Science Advisory Group at the 
National Weather Records Center (NWRC) advised that due to bearing 
friction and inertia in the standard cup anemometers used by 
ESSA, many of these instruments will not begin to record until 
the wind speed exceeds about two or three knots.  On the recommen- 
dation of the NWRC, the calm hours were reapportioned over the 
zero, one and two knot ranges (see Fig. 2 on page 12 ). 
Comparison of data from various locations within the PJM 
territory showed little deviation from the combined weather data 
shown on Table 1, therefore a single weather model was assumed 
FREQUENCY OF OCCURRENCE OF WEATHER CONDITIONS 
(PERCENT) 
SUMMER DAYS 
WIND SPEED-KNOTS 
AMBIENT TEMP • 
°C 0 1 2 3 4 5 OVER 5 
0 0.009 0.025 0.042 0.024 0.059 0.070 1.830 
5 0.038 0.115 0.195 0.247 0.326 0.427 6.455 
10 0.059 0.176 0.299 0.345 0.519 0.634 8.811 
15 0.070 0.209 0.355 0.484 0.741 0.955 11.147 
20 0.103 0.311 0.528 0.655 1.049 1.401 14.559 
25 0.109 0.324 0.550 0.791 1.405 1.743 17.949 
30 0.059 0.178 0.302 0.496 0.962 1.381 14.708 
35 0.012 0.034 0.058 0.127 0.261 0.389 4.650 
Over  35 0.000 0.001 0.001 0.003 0.009 0.010 0.187 
SUMMER NIGHTS 
WIND SPEED-KNOTS 
AMBIENT TEMP • 
°C 0 1 2 3 4 5 OVER 5 
0 0.031 0.090 0.153 0.114 0.248 0.271 2.998 
5 0.125 0.373 0.632 0.659 0.921 1.135 8.495 
•   10 0.174 0.524 0.887 0.987 1.340 1.453 10.003 
15 0.257 0.773 1.312 1.174 1.654 2.089 11.975 
20 0.351 1.020 1.730 1.582 2.254 2.600 13.952 
25 0.236 0.711 1.207 1.671 2.205 2.582 12.846 
30 0.037 0.112 0.188 0.342 0.426 0.516 2.490 
35 0.000 0.001 0.002 0.006 0.013 0.011 0.064 
Over  35 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Note:  The number of recorded calm hours has been adjusted for 
anemometer error, as indicated in Figure 2, page 12. 
TABLE 1 
FREQUENCY OF OCCURRENCE OF WEATHER CONDITIONS 
(PERCENT) 
WINTER DAYS 
WIND SPEED-KNOTS 
AMBIENT TEMP. 
WINTER NIGHTS 
WIND SPEED-KNOTS 
Note:  The number of recorded calm hours has been adjusted for 
anemometer error, as indicated in Figure 2, page 12. 
TABLE 1 (cont'd) 
OVER 5 
0 0.105 0.321 0.541 0.751 1.315 1.649 22.146 
5 0.233 0.695 1.184 1.633 2.380 2.912 31.418 
10 0.118 0.354 0.600 0.875 1.079 1.351 16.749 
15 0.046 0.134 . 0.230 0.282 0.344 0.433 7.302 
20 0.007 0.023 0.039 0.062 0.062 0.082 2.164 
25 0.000 0.000 0.000 0.003 0.000 0.003 0.348 
30 0.000 0.000 0.000 0.000 0.000 0.000 0.007 
35 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Over 35 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
AMBIENT TEMP • 
°C 0 1 2 3 4 5 OVER 5 
0 0.287 0.856 1.453 1.581 2.709 3.038 27.265 
5 0.450 1.345 2.282 2.778 3.286 3.592 28.548 
10 0.136 0.411 0.791 0.709 0.884 1.073 10.873 
15 0.023 0.078 0.132 0.151 0.213 0.190 3.953 
20 0.004 0.008 0.016 0.004 0.012 0.012 0.918 
25 0.000 0.000 0.000 0.000 0.000 0.000 0.008 
30 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
35 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Over  35 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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CONDUCTOR TEMPERATURE VERSUS WIND SPEED 
1590 KCMIL 54/19 ACSR 
1950 AMPERES 
WIND VELOCITY - KNOTS 
FIGURE 1 
11 
ALLOCATION OF OCCURRENCES OF CALM AIR 
TO COMPENSATE FOR ANEMOMETER ERROR 
WIND VELOCITY - KNOTS 
WIND VELOCITY - KNOTS 
FIGURE 2 
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for all PJM.  The load cycle shown In Figure 3, page 14 , was 
then prepared from studies of actual PJM line loadings to complete 
the simulation of the operating experience of the conductor. 
With this background, the actual rating method consisted of 
computation of the various elements of the heat balance equation 
of the conductor.  This involves balancing the heat input from 
current flowing through the conductor resistance and from solar 
radiation against heat dissipated by convection and radiation. 
Using line characteristics and design parameters, a digital 
annealing model and the operating history as discussed above, 
ratings were calculated to meet the two design limitations of 
maximum allowable conductor temperature and maximum allowable 
loss of strength.  Maximum allowable conductor temperature is 
determined by clearance and hardware limitations (typical maximum 
design temperature for bulk power conductor is 125°C) while loss 
of strength over the 35-year expected life of the conductor due 
to operation at elevated temperatures is limited to ten percent 
by PJM standards. 
Generally, a two foot safety margin above minimum ground 
clearance is also assumed in PJM. 
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100-t 
70« 
ASSUMED LOAD CYCLE 
(SUMMER AND WINTER) 
Weekday 
12M 
1001 
70- 
AM 
8AM 
I 
12N 8PM  10PM  12M 
PM 
TIME OF DAY 
Weekend 
12M 
AM 
8AM 
I 
12N 8PM  10PM 12M 
PM 
TIME OF DAY 
FIGURE 3 
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The most severe ambient condition recorded (35°C and 0 wind 
for the summer period, 20°C and 0 wind for winter), and the 
maximum design temperature (maximum allowable conductor tempera- 
ture) were then used to determine a "normal rating". 
This involved determining the current which, at the above 
assumed ambient conditions, would cause the conductor to reach 
maximum design temperature. 
This normal current was then assumed to be carried in percen- 
tages as predicted by the assumed load cycle.  In addition, ten 
hour emergencies were predicted to occur randomly 35 times during 
daylight hours during the typical conductor's lifetime.  Since 
the probability of operating at the emergency rating was seen to 
be small, critical ambient conditions were defined such that 
there is a probability of less than 1% of experiencing more 
severe ambient conditions than those assumed.  For PJM, the 
critical ambient conditions for the summer emergency rating are 
20°C and a one knot wind.  While it is recognized that with the 
1% probability of more severe ambient conditions and the assumed 
10 hours per year operation at emergency conditions could result 
in the conductor operating above its design temperature, it was 
felt that the probability of experiencing an emergency during the 
more critical conditions is sufficiently small as to be ignored. 
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After the normal and emergency ratings were defined as 
above, the currents resulting from using the assumed load cycle 
and the 35 random emergencies were combined with the probabilistic 
weather model to calculate the number of hours the conductor 
spent at each temperature.  The data were then used as input to a 
digital annealing model similar to that described by Koval and 
2 
Billington to calculate the loss of strength. 
If the calculated loss of strength did not exceed the ten 
percent design value, the normal and emergency ratings as calcu- 
lated above, were used.  If the loss of strength exceeded ten 
percent, an iterative process was used to lower the normal rating 
until a rating which results in ten percent loss of strength was 
reached. 
Generally for conductors typically used for 230 KV trans- 
mission within PJM, such as 1590 KCMIL ACSR (aluminum conductor, 
steel-reinforced), the ten percent loss of strength limitation is 
not reached until design temperatures reach approximately 160°C 
or 180°C while the normal design temperature is 125°C.  For the 
older, smaller 795 KCMIL ACSR conductor, the ten percent loss of 
strength is not exceeded until beyond 180°C.  Table 2 contains a 
sample rating table for 1590 KCMIL ACSR Lapwing conductor showing 
normal and emergency, summer and winter ratings at different 
possible design temperatures using the PJM rating method. 
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SAMPLE PJM CONDUCTOR THERMAL RATINGS 
(1590 KCMIL 45/7 ACSR Lapwing) 
Maximum Normal Emergency Loss of 
Temp. Summer  Winter Summer  Winter Strength 
(Deg. C) (Amps)   (Amps) (Amps)   (Amps) (Percent) 
100 1340    1505 1720    1820 0.0 
110 1470    1620 1825    1915 0.9 
120 1585    1725 1920    2005 2.2 
125 1640    1775 1965    2045 3.0 
130 1695    1825 2010    2090 3.8 
140 1795    1920 2095    2170 5.7 
150 1890    2010 2175    2245 8.0 
160 1950    2060 2255    2315 10.0 
170 1930    2025 2330    2390 10.0 
180 1815    1915 2400    3845 10.0 
TABLE 2 
Ratings for terminal equipment within PJM were standardized 
in the early 1970's with the issue of the following reports: 
1) Determination of Disconnecting Switch Ratings in August, 
1970. 
2) Determination of Circuit Breaker Load Current Capability 
Ratings in February, 1971. 
3) Determination of Line Trap Ratings in November, 1972. 
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All these reports were published by the Transmission and 
Substation Design Subcommittee Station Equipment Rating Task 
Force.  The philosophies and rating methods are essentially 
identical in all the reports; therefore, the following discussion 
applies for all terminal equipment listed above.  In the terminal 
equipment rating methods, four significant factors are involved: 
a. Ambient temperature. 
b. Temperature rise as a function of the n-th power (1.8 
assumed) of current.  (I  or I * ) 
c. Maximum temperature determined to be acceptable for 
various parts of the equipment in question under normal 
and emergency conditions. 
d. Acceptable loss of foreseeable life or accelerated 
depreciation of some component under emergency conditions. 
Also, the following definitions of terms are used in the 
reports: 
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Rated Continuous Current CNameplate Rating (I ) 
Maximum current in amperes at rated frequency a piece of 
terminal equipment can carry continuously without any part exceeding 
its limit of observable temperature rise. 
Adjusted Rated Continuous Current (I) 
Rated continuous current of the terminal equipment corrected 
to limit of observable temperature rise using specific temperature 
rise determined by test. 
Normal Current Rating (I ) a ;  JJ— 
Current which can be carried continuously without any equip- 
ment part exceeding its normal allowable maximum temperature. 
Emergency Current Rating (I ) 
Current which can be carried for a specified period of time 
without any equipment part exceeding its emergency allowable 
maximum temperature. 
19 
Limit of Observable Temperature Rise (0 ) 
    J-  
Maximum value of observable temperature rise of any part of 
the equipment.  Values are listed in Tables 3 through 5 of this report 
on pages 22 to 28 . 
Test Observable Temperature Rise (8) 
Actual steady-state temperature rise above ambient tempera- 
ture of any part of the equipment when tested at rated continuous 
current. 
Normal Allowable Maximum Temperature (Allowable Maximum Temperature) 
(8max ) 
—  n— 
Maximum temperature which any equipment part can withstand 
continuously. 
Emergency Allowable Maximum Temperature (8max ) 
Maximum temperature which any equipment part can withstand 
for emergency rating durations. 
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Fundamental to all the rating methods is the assumption of one 
ambient temperature for each rating season.  Since maximum equip- 
ment temperature is a function of the prevailing ambient temperature, 
high ambient temperatures must be assumed, yielding conservative 
ratings.  For the summer period (April through October), 30°C 
daily is assumed as the ambient temperature for normal and long- 
time (greater than 24 hours) emergency ratings.  For emergencies 
of 24 hours or shorter duration, 35°C is assumed.  10°C daily is 
assumed as ambient temperature for all ratings during the winter 
period (November through March). 
Using the assumed ambient temperatures, the normal current 
as defined above is calculated.  This is accomplished by calculating 
a factor (to adjust nameplate current) which varies as the 1/n 
power of the difference between the normal allowable maximum 
temperature, 9max , and assumed ambient temperature, 6 , divided 
by the limit of observable temperature rise at rated continuous 
current, 8  as follows: 
r 
6max - 8 
in-ir (   "e a) (2-D 
21 
For example, for switches manufactured to a 30°C rise, 8max 
n 
= 70°C and 8 = 30°C.  Using the summer normal assumed ambient 
temperature of 30°C, a factor of 1.17 per unit or 117% results. 
If the switch had a 3000 ampere nameplate rating, and no heat run 
test data were available, the summer normal rating would be 3510 
amperes.  If heat run test data is available, rated or "nameplate" 
current in Equation 2-1 above can be adjusted for the test observable 
temperature rise (8) using: 
8    1/n 
I = Ir  ( -f  ) (2-2) 
where 8 is the test observable temperature rise at rated 
continuous current. 
Emergency ratings for durations of two hours to six months 
are calculated based on operation up to the emergency allowable 
maximum temperature for the specific piece of equipment.  The 
emergency allowable maximum temperatures range from 10°C to 30°C 
above the normal allowable maximum temperatures depending upon 
the specific equipment and the duration of the emergency assumed. 
Operation at these higher temperature limits will result in loss 
of strength or accelerated depreciation of some part of the 
particular facility involved but in no case will affect the 
22 
operating capability of that equipment.  The actual formulae for 
calculating the 2 hour and 24 hour emergency ratings are similar 
to Equation 2-1 page 21 with the appropriate emergency allowable 
temperature (j3roax „. or 6max „) substituted for 8max .  For the 
e24       e2 n 
switch used in the example above, with 0max _. = 80°C, a factor 
e24 
of 1.33 is calculated for the 24 hour emergency rating yielding a 
rating of 4000 amperes in the absence of heat run test data.  To 
calculate the two hour emergency rating, we use 6max „ = 90°C and 
eZ 
an assumed ambient temperature or 35°C to yield a factor of 1.40. 
This gives a summer emergency two hour rating of 4200 amperes for 
the 3000 amp switch in question. 
Tables 3 through 5 on pages 24 through 28 contain temperature 
limitations for the various terminal facilities involved while 
Tables 6 through 8 on pages 29 through 31 contain ratings calculated 
for these same facilities.  In calculating actual terminal facility 
ratings, ratings are calculated for all material classes which 
apply to the particular facility (for example, for a hard drawn 
copper blade and silver to silver contacts in a disconnect switch 
one would use material classes C and E of Table 3) and the minimum 
calculated ratings are used. 
23 
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Analysis of the weather data in Table I on pages 9 & 10 
confirms that the facilities discussed spend little time at the 
severe ambient conditions assumed in determining their ratings. 
While the transmission conductor rating method at least assumes a 
probabilistic weather model that model is only a factor when the 
conductor is limited by loss of strength.  As mentioned above, 
loss of strength is generally limiting only at design temperatures 
well above the normal design temperatures.  Therefore, conductor 
ratings are generally determined by the clearance limit, which 
still assumes constant ambient conditions. 
In reality, summer day time temperatures exceed 30°C only 
5.7% of the time.  They exceed 25°C only 23.8% of the time and 
20°C 46.7% of the time.  Wind speeds exceed 5 knots 80.3% of the 
time during summer days and are less than 2 knots less than 2% of 
the time.  The same summer ratings are used at night when the 
temperature distribution is even lower than during the day time. 
Night time occurrences of temperature over 30°C are insignificant 
while temperatures above 25°C occur 4.2% of the time and temperatures 
in excess of 20°C occur 25.8% of the time.  On the average, winds 
are slightly lower at night than the day but since the sun obviously 
doesn't shine at night, the effect of solar heating is absent at 
night.  Similar arguments apply to winter ratings. 
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For terminal equipment, only conservative constant ambient 
temperatures are assumed in calculating normal and emergency 
ratings.  While wind and solar heating are not factors in calcu- 
lating terminal equipment ratings, the same probabilities for 
ambient temperature discussed above apply here. 
While these conservative rating methods are applicable and 
necessary in the system planning process, more realistic ratings 
can be used in the actual operation of the system.  This paper 
presents a method of rating transmission facilities on an operating 
basis, utilizing the present rating methods and programs but 
allowing for use of real time ambient conditions where practical. 
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CHAPTER 3 
A PROPOSAL TO RATE TRANSMISSION FACILITIES DYNAMICALLY 
Sophisticated on-line computer programs currently in use 
throughout PJM allow the system operators to constantly monitor 
real time power flow on facilities throughout their systems and 
even expected power flows after the occurrence of a facility 
outage.  "Megawatt Monitor" or "System Security" programs constantly 
monitor present flows and use distribution factors to calculate 
assumed flows for loss of any single facility or specified multiple 
facilities in the system.  The present and expected contingency 
flows are compared against normal and emergency ratings respectively 
for each transmission path and warnings are printed at specified 
levels (typically when flows are within 90% of the applicable 
rating).  When flows approach the applicable rating, action must 
be taken to prevent overloads.  Typically this action involves 
opening some facility to reduce the flow on the troubled facility 
(when this is possible without seriously degrading system relia- 
bility) or, more often, shifting generation to unload this facility. 
Since the system has been dispatched to its most economic level, 
any generation shifts required for contingency relief are accom- 
plished at an increase in generating costs.  PJM "off cost" 
generation exceeded $7 million in 1976.  With the public clamor 
to hold down rates and the increasing difficulty for utilities to 
raise money, another method of decreasing the number of "overloads" 
is desirable. 
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The three moat obvious variables involved in at least one of 
the transmission system rating methods are ambient temperature, 
wind speed and solar energy input.  While only ambient temperature 
will measurably affect the ratings of terminal equipment and 
transformers, all three variables have a significant impact on 
the most important transmission facility, the conductor itself. 
The effect of these variables on transmission lines was 
evaluated using an abbreviated version of the PJM Overhead Conductor 
Rating Program which does not include the loss of strength calcula- 
tion.  No assumptions used in the PJM program were modified but 
the assumed ambient conditions were varied.  Temperature was 
assumed to vary from 0°C to 35°C in 5°C increments, while the 
wind was varied from zero to five knots in one-knot increments. 
The calculations were also made assuming full sun and no sun 
(nighttime conditions). 
Each 5°C increment below the assumed summer normal ambient 
temperature of 35°C allows an increase in current carrying capa- 
bility of 1590 KCMIL 45/7 ACSR Lapwing conductor of 2 to 3% (see 
Figure 4 on page 36 ) without danger of the conductor exceeding 
its design temperature of 125°C.  Although Figure 4 shows data 
for a specific conductor, all conductors checked between 336 
KCMIL 26/7 ACSR and 2493 KCMIL 54/37 ACAR (aluminum conductor, 
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alloy-reinforced) follow the same curve.  If a one-knot wind were 
to be assumed instead of the zero knot wind used, the curve would 
again show increases in the 2 to 3% range for each 5°C ambient 
temperature decrease, but would accumulate approximately 3% less 
total increase over the 35°C range used. 
One parameter which has a significant impact on the curve 
shown in Figure 4 is design temperature.  While the 125°C design 
temperature assumed for Figure 4 yields approximately a 19% 
increase in rating over the 35°C range, this same conductor 
designed at 93°C would yield a 31% increase in rating over the 
range while at a 140°C design temperature only about 15% increase 
results.  It should be noted that since many of the older lines 
on the PJM system were designed for conductor temperatures below 
125°C, these lines, which are often precisely the lines in need 
of relief, have the most to gain by using actual ambient tempera- 
tures.  However, conversely, lines which have been upgraded to 
140°C to increase their capabilities have a somewhat smaller 
possible increase available.  Figure 5 on page 38 shows the increase 
possible for a typical conductor designed for 93°C maximum tempera- 
ture. 
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Wind speed has a much more significant impact on allowable 
conductor loading.  Figure 6 shows the increase in rating which 
results from assuming wind speeds varying from zero to five knots 
for 1590 KCMIL 45/7 ACSR at an assumed ambient temperature of 
35°C.  The increase for this particular conductor is almost 60% 
over the five-knot range.  Unlike the case for changing ambient 
temperature, changing wind does not affect all conductor sizes by 
the same percentages.  Percent increase in rating over the five- 
knot range assuming a 125°C design temperature varies from a 72% 
increase for 336 KCMIL 26/7 ACSR to a 56% increase for 2493 KCMIL 
54/37 ACAR. 
The design temperature also affects the percentage increase 
available from wind affects.  As in the case with varying ambient 
temperature, a greater percentage increase is available for the 
conductors with the lower design temperatures.  795 KCMIL 54/7 
ACSR shows a 60% increase available over the five-knot range at 
140°C design temperature, 65% at 125°C design temperature and 78% 
at a 93°C design temperature. 
The percentage increase in conductor current carrying capa- 
bility also varies slightly with assumed ambient temperature. 
The 59% increase shown in Figure 6 becomes 58% for a 20°C assumed 
ambient temperature and 57.5% for a 10°C assumed ambient temperature. 
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Figures 4 through 6 also show ratings for night conditions. 
The calculation of these ratings differs from that of the daytime 
rating by the elimination of 290 Btu per square foot per hour of 
solar energy assumed to be absorbed by the conductor in the PJM 
program.  As can be seen from the figure, assuming the sun is not 
available to heat the conductors results in an increase in rating 
of eight to ten percent over the range of ambient temperature 
used and about seven to ten percent over the zero to five-knot 
wind range used.  These percentages are referred back to the 
normalized rating at 35°C and zero-knot winds.  One could not 
take the 159% rating of 795 ACSR read from Figure 6 for a five-knot 
wind and increase this by multiplying by 107% to get the nighttime 
rating.  However, adding 7% to 159% would yield the 166% rating 
for a five-knot wind which can be read from the figure. 
The greater percentage increases again are available when 
they are most needed - at the higher ambient temperatures.  The ten 
percent increases occur at the 35°C and 30°C ambient temperatures 
and the zero and one-knot winds while the lower seven and eight 
percent increases occur at the five-knot winds and the 0°C tempera- 
tures when higher ratings would already be available through the 
temperature and wind assumptions. 
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Using the Equation 2-1, page 21 , and substituting the 
varying ambient temperatures, Table 9, page 43 , was derived for 
the varying material classes in disconnect switches.  Over the 
35°C ambient temperature range used, a minimum increase in normal 
rating of 46% results, with increases up to 60% being possible, 
depending on the materials used in a particular switch.  Even 
more dramatic increases are possible for emergency ratings. 
Increases of up to 84% are possible for two-hour emergency ratings. 
Table 10, pages 45 & 46, for line traps was derived similarly. 
While the increases available in line trap ratings are not as 
great as those for disconnects, they are still significant.  The 
normal rating increases range from 18 to 22% while the two hour 
emergency rating increases range from 32 to 38% over the 35°C 
range. 
The increased ratings allowable for circuit breaker material 
classes A through G are shown in Table 11, pages 47-49 . 
Depending on the materials used on the particular circuit breaker, 
the normal rating can be increased from 25 to 60% over the 35°C 
temperature range.  The two hour emergency rating can be increased 
36 to 84% depending on the materials used. 
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DISCONNECT SWITCH RATING FACTORS 
FOR SPECIFIC AMBIENT TEMPERATURES 
Switch Material Class A 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.17 
Emergency 
40 1.33 
35 1.09 1.25 1.40 
30 1.17 1.33 1.47 
25 1.25 1.40 1.54 
20 1.33 1.47 1.60 
15 1.40 1.54 1.66 
10 1.47 1.60 1.72 
5 1.54 1.66 1.78 
0 1.60 1.72 1.84 
Switch Material Class B 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.03 
Emergency 
1.19 
Emergency 
40 1.33 
35 1.11 1.26 1.39 
30 1.19 1.33 1.46 
25 1.26 1.39 1.52 
20 1.33 1.46 1.58 
15 1.39 1.52 1.64 
10 1.46 1.58 1.69 
5 1.52 1.64 1.75 
0 1.58 1.69 1.80 
Switch Mat' erial Class C 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.04 
Emergency 
1.18 
Emergency 
40 1.31 
35 1.11 1.25 1.37 
30 1.18 1.31 1.43 
25 1.25 1.37 1.48 
20 1.31 1.43 1.53 
15 1.37 1.48 1.59 
10 1.43 1.53 1.64 
5 1.48 1.59 1.69 
0 1.53 1.64 1.74 
TABLE 9 
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Switch Material Class D 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.09 
Emergency 
1.20 
Emergency 
40 1.31 
35 1.15 1.26 1.36 
30 1.20 1.31 1.41 
25 1.26 1.36 1.46 
20 1.31 1.41 1.51 
15 1.36 1.46 1.55 
10 1.41 1.51 1.60 
5 1.46 1.55 1.64 
0 1.51 1.60 1.68 
Switch Mati erial Class E 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.12 
Emergency 
1.21 
Emergency 
40 1.30 
35 1.17 1.26 1.34 
30 1.21 1.30 1.38 
25 1.26 1.34 1.42 
20 1.30 1.38 1.46 
15 1.34 1.42 1.50 
10 1.38 1.46 1.54 
5 1.42 1.50 1.57 
0 1.46 1.54 1.61 
Minimum 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.17 
Emergency 
40 1.30 
35 1.09 1.25 1.34 
30 1.17 1.30 1.38 
25 1.25 1.34 1.42 
20 1.30 1.38 1.46 
15 1.34 1.42 1.50 
10 1.38 1.46 1.54 
5 1.42 1.50 1.57 
0 1.46 1.54 1.61 
TABLE 9 (cont'd) 
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LINE TRAP RATING FACTORS 
FOR SPECIFIC AMBIENT TEMPERATURES 
Type ; 1 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.09 
Emergency 
40 1.17 
35 1.03 1.12 1.20 
30 1.06 1.14 1.22 
25 1.09 1.17 1.25 
20 1.12 1.20 1.28 
15 1.14 1.22 1.30 
10 1.17 1.25 1.33 
5 1.20 1.28 1.35 
0 1.22 1.30 1.38 
Type 2 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.07 
Emergency 
40 1.14 
35 1.025 1.10 1.16 
30 1.05 1.12 1.19 
25 1.07 1.14 1.21 
20 1.10 1.16 1.23 
15 1.12 1.19 1.25 
10 1.14 1.21 1.27 
5 1.16 1.23 1.29 
0 1.19 1.25 1.31 
Type 3 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.10 
Emergency 
40 1.19 
35 1.025 1.12 1.21 
30 1.05 1.14 1.23 
25 1.07 1.16 1.25 
20 1.10 1.19 1.27 
15 1.12 1.21 1.29 
10 1.14 1.23 1.31 
5 1.16 1.25 1.33 
0 1.19 1.27 1.35 
TABLE 10 
45 
Type  4 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.07 
Emergency 
40 1.16 
35 1.02 1.09 1.18 
30 1.05 1.12 1.20 
25 1.07 1.14 1.22 
20 1.10 1.16 1.24 
15 1.12 1.18 1.26 
10 1.14 1.20 1.28 
5 1.16 1.22 1.30 
0 1.18 1.24 1.32 
Min imum 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.07 
Emergency 
40 1.14 
35 1.02 1.09 1.16 
30 1.05 1.12 1.19 
25 1.07 1.14 1.21 
20 1.09 1.16 1.23 
15 1.12 1.18 1.25 
10 1.14 1.20 1.27 
5 1.16 1.22 1.29 
0 1.18 1.24 1.31 
TABLE  10   (cont'd) 
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CIRCUIT BREAKER RATING FACTORS 
FOR SPECIFIC AMBIENT TEMPERATURES 
Circuit Breaker Material Class A 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.17 
Emergency 
40 1.33 
35 1.09 1.25 1.40 
30 1.17 1.33 1.47 
25 1.25 1.40 1.54 
20 1.33 1.47 1.60 
15 1.40 1.54 1.66 
10 1.47 1.60 1.72 
5 1.54 1.66 1.78 
0 1.60 1.72 1.84 
Circuit Breaker Material Clas: 3 B 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.15 
Emergency 
40 1.29 
35 1.08 1.22 1.35 
30 1.15 1.29 1.41 
25 1.22 1.35 1.47 
20 1.29 1.41 1.53 
15 1.35 1.47 1.58 
10 1.41 1.53 1.64 
5 1.47 1.58 1.69 
0 1.53 1.64 1.74 
Circuit Breaker Material Class C 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.13 
Emergency 
40 1.25 
35 1.07 1.19 1.31 
30 1.13 1.25 1.36 
25 1.19 1.31 1.42 
20 1.25 1.36 1.47 
15 1.31 1.42 1.52 
10 1.36 1.47 1.57 
5 1.42 1.52 1.62 
0 1.47 1.57 1.66 
TABLE 11 
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Circuit Breaker Material Class D 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergenc 
1.11 
■7 Emergency 
40 1.21 
35 1.05 1.16 1.25 
30 1.11 1.21 1.30 
25 1.16 1.25 1.34 
20 1.21 1.30 1.39 
15 1.25 1.34 1.43 
10 1.30 1.39 1.47 
5 1.34 1.43 1.51 
0 1.39 1.47 1.55 
Circuit Breaker Material Class E 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.10 
Emergency 
40 1.19 
35 1.05 1.14 1.23 
30 1.10 1.19 1.27 
25 1.14 1.23 1.31 
20 1.19 1.27 1.35 
15 1.23 1.31 1.39 
10 1.27 1.35 1.43 
5 1.31 1.39 1.47 
0 1.35 1.43 1.51 
Circuit Breaker Material Clas 3S F 
Temperature 24+ Hr, 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.08 
Emergency 
40 1.16 
35 1.04 1.12 1.20 
30 1.08 1.16 1.23 
25 1.12 1.20 1.27 
20 1.16 1.23 1.31 
15 1.20 1.27 1.34 
10 1.23 1.31 1.37 
5 1.27 1.34 1.41 
0 1.31 1.37 1.44 
TABLE 11 (cont'd) 
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Circuit Breaker Material Class G 
Temperature 24+ Hr. 2- -24 Hr. 
°C Normal 
1.00 
Emergency 
1.07 
En lergency 
40 1.13 
35 1.03 1.10 1.16 
30 1.07 1.13 1.19 
25 1.10 1.16 1.22 
20 1.13 1.19 1.25 
15 1.16 1.22 1.28 
10 1.19 1.25 1.31 
5 1.22 1.28 1.34 
0 1.25 1.31 1.36 
TABLE 11 (cont'd) 
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It is now obvious that transmission facilities have a greater 
current carrying capability than those currently being used if 
ambient conditions are not as severe as assumed.  It is yet to be 
determined how feasible it is to take advantage of this fact. 
Ambient temperature is a fairly predictable variable and is 
easily available from any number of locations within PJM at any 
time.  It is relatively stable and can be predicted with a high 
level of confidence.  Advantage can certainly be taken of this 
variable in operating situations. 
In the case of conductor ratings, advantage of nighttime 
conditions can certainly be considered.  From sunset to sunrise, 
higher ratings could be used due to the decrease in solar heating 
available.  However, the variable having the most significant 
effect on conductor ratings is the wind, but its input is also 
the most difficult to accomplish rationally.  Wind varies in 
speed and direction with locality, with height above the surface 
of the earth, with the seasons of the year and with local or 
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global weather patterns.  Detailed studies by Ontario Hydro  show 
that while wind speeds vary greatly from moment to moment, the 
mean wind speed is relatively stable.  These studies cite a 
deviation of no more than three knots on a 13-knot mean over a 
one-half hour period.  However, at wind speeds of three knots or 
less, speeds apparently drop to zero without warning.  As dicussed 
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previously, this is most likely a reflection of the anemometer's 
inability to record wind speeds below two knots.  One could 
deduce from this study that, when winds exceed three or four 
knots,  using the lowest ten-minute mean wind speed over the past 
half hour as a prediction of wind speed for the next half hour, 
would result in a safe forecast. 
However, some significant obstacles remain.  It is not clear 
how to establish a minimum wind speed along a remote, 30-mile 
long transmission line by simply knowing the wind speed at a 
central location.  The possibility of developing hot spots along 
the conductor in sheltered areas or in passing through valleys 
must be considered.  These sheltering effects must be accounted 
for in using the effect of wind on conductor ampacity.  The 
presence of trees along many rights-of-way would again reduce the 
wind's cooling capability.  On typical rights-of-way cut through 
solid forest for 230 KV lines only 50% of the standard meteorological 
measured wind is available to cool the line at a 60-foot height 
3 
above ground level . 
Also, wind impingement angle is of some significance.  If 
the wind were blowing parallel to the conductor, it would not 
have as much cooling effect as one blowing at a 90° angle to the 
conductor.  However, this obstacle can be eliminated without 
sacrificing much ampacity by assuming a small wind impingement 
angle. 
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Since most transmission lines change direction many times 
over their length, it is probably realistic to assume an impinge- 
ment angle of zero degrees at some time somewhere along the line. 
However, assuming an angle greater than zero degrees is certainly 
justifiable when one takes into account the directional variability 
of the wind and the catenary curve formed by the transmission 
line.  Even when the wind is parallel to the transmission line, 
the sag of the conductor causes the wind to strike at an angle 
greater than zero degrees along much of its length.  The Ontario 
Hydro study recommends assuming a 20° wind impingement angle. 
One possibility that can be pursued is the use of extreme 
safety factors in using wind to increase conductor ratings.  For 
example, if wind exceeds ten knots at all designated measuring 
stations within PJM, possibly a two-knot wind could be assumed on 
all lines.  However, currently there are no data to support even 
this assumption. 
One other aspect which must be considered when using actual 
ambient conditions to determine transmission equipment ratings is 
their effect on "loss of life" of the facilities.  For the calcula- 
tions of ratings at specific ambient temperatures for terminal 
equipment, it should be obvious that no criteria used in the 
existing rating methods were violated since the allowable maximum 
52 
temperature limits determined'in each report were used in the 
calculations to determine the new ratings at the different ambient 
temperatures.  In fact, re-examination of Table 1 shows that 
there is a finite probability of having summer or winter temperatures 
above the 30°C and 10°C ambient temperatures assumed in the 
present methods.  By using actual ambient conditions, the capability 
will exist to use a lower rating to keep the equipment within the 
limits of allowable maximum temperatures. 
For transmission line conductors, the question of loss of 
life is raised in the second criteria used in the PJM overhead 
conductor rating method. 
"The loss of strength over the life of the conductor due to 
operation at elevated temperature should not exceed ten 
percent". 
The increase in ratings shown previously in Figures 4 through 
6 do not take into account this loss of strength limit.  With the 
increasing use of on-line computers to constantly monitor various 
system parameters including line loadings, one way to account for 
loss of strength would be to accumulate electrical loadings and 
weather parameters hourly to calculate an actual loss of life. 
This could be done even more efficiently for selected critical 
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lines by using a thermocouple in the line's most critical section 
and telemetering this data back to the computer to calculate an 
actual loss of life.  This method would have the advantage of 
•i 
eliminating all variables such as wind, ambient temperature, and 
intensity of solar radiation by getting directly to the actual 
conductor temperature.  Some disadvantages are the cost of the 
telemetering and the difficulty of selecting the "most critical 
section" of the line.  A strain gauge could be substituted for 
the thermocouple, but similar arguments would apply. 
A second possibility for which there is some justification, 
would be to ignore loss of strength in ACSR conductors.  Transmission 
line designs are typically governed by tension limits and/or 
creep or maximum design loadings.  A typical tension limit might 
be that with one inch ice and eight lbs/sq. ft. wind at -18°C, 
the tension should not exceed 50% of the conductor's ultimate 
tensile strength (UTS).  Maximum design loadings would insure 
that minimum clearance to ground plus a safety margin would exist 
at the conductor's maximum design temperature.  Fully annealed 
aluminum loses 50% of its UTS.  The composite ACSR cable reduces 
to approximately 75% of its initial UTS.  Since lines are typically 
designed to 50% UTS and are limited to a maximum design UTS of 
60%, it would appear that satisfactory margin still exists. 
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Minimum ground clearances, however, must still be maintained. 
If the aluminum is allowed to anneal beyond the design stage, 
ground clearances may not be maintained.  However, since at 
temperatures in excess of 82°C (this temperature may vary slightly 
with stringing tension) the steel core is carrying most if not 
3 
all the tension , it may be possible to maintain minimum clearances 
to ground.  The coefficient of expansion of aluminum is twice 
that of steel.  Therefore, sag would increase at a slower rate 
above 82°C than it did below 82°C.  A line which has been sagged 
to maintain minimum ground clearance plus a safety margin at 
125°C, where the steel is already the sole support, should still 
maintain minimum ground clearances with the aluminum fully annealed. 
In fact, a conductor which is relatively new to transmission 
design, steel supported aluminum conductor (SSAC), utilizes a 
similar principle.  The aluminum is fully annealed before the 
conductor is put in the air and all tension is borne by the 
steel.  A 1113 KCMIL 54/19 SSAC conductor, with only about 70% of 
the cross sectional area of 1590 KCMIL 45/7 ACSR has slightly 
higher emergency ratings and significantly higher normal ratings 
than the ACSR by virtue of the higher design temperatures possible. 
A comparison of some typical ratings for SSAC and ACSR conductors 
is shown in Table 12. 
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Conductor 
1590 45/7 
ACSR 
1590 54/19 
ACSR 
1113 54/19 
SSAC 
COMPARISON OF SSAC AND ACSR CONDUCTOR RATINGS 
(amperes) 
Design    Summer   Summer      Winter     Winter 
Temp.    Normal  Emergency    Normal    Emergency 
125°C      1640     1965 1775 2045 
125°C      1685     2015 1825 2100 
180°C      1830     2036 1907 2081 
TABLE 12 
Of course, the SSAC conductor was sagged with the knowledge 
that the steel would support 100% of the load, so resagging may 
be required on the ACSR conductor in order to uprate the lines. 
However, resagging conductors on critical lines would still be 
cheaper than running generation "off cost". 
A more subtle, but possibly easier to defend, method of 
dealing with the loss of life criterion would be by accounting 
for loss of conductor life by setting an upper limit on trans- 
mission line rating increases.  The set of ratings shown previously 
in Table 2 for 1590 KCMIL 45/7 ACSR indicates that the ten percent 
loss of strength limit is not reached until a 160°C design tempera- 
ture.  By limiting our allowable ambient temperature increase in 
ratings to the values shown at 160°C, a total loss of strength of 
less than ten percent would be assured.  Of course, this assumes 
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that we are following the load cycles shown previously in Figure 
3, but since these load cycles are conservative, staying within 
them should be no problem.  It would be allowable to load the 
conductor to these new normal ratings 118,275 daylight hours 
(88,706 summer and 29,569 winter) on the basis of a 35-year 
conductor life.  3500 hours of operation as emergency ratings 
would be allowable.  Even using these upper limits, the summer 
normal conductor ratings of our 1590 KCMIL 45/7 ACSR conductor 
could increase by 19% and the summer emergency ratings could 
increase by 15%.  If a higher emergency rating were desired, this 
could be accomplished by accepting a lower normal rating and 
using the ratings which appear for 170°C or 180°C maximum design 
temperatures in Table 2.  Again, by using these ratings as upper 
limits and staying within the assumed load cycle, one could be 
assured that loss of strength would not exceed ten percent. 
It should be obvious that transmission facility ratings 
based on ambient conditions are both desirable and feasible for 
day to day operating situations.  In addition to the possible 
rating increases available from using actual ambient conditions, 
an end to the long-standing controversy of when to switch from 
summer to winter ratings and vice versa would result since only 
one table of ratings would be necessary.  Actual ambient temperature 
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could be determined by gathering all predicted daily maximum 
temperatures within a specified area, adding a safety factor and 
picking the applicable rating set.  Nighttime ratings could be 
used from sunset to sunrise.  However, if the ambient wind assumption 
was left unchanged, these changes would result in no increase in 
conductor emergency ratings where this increase is most needed. 
Since the critical ambient conditions defined by the PJM conductor 
rating method are 20°C and one-knot wind for summer emergency 
ratings, if the one-knot wind were assumed constant, operating 
ratings which are lower than the present planning ratings would 
result for all summer days during which the temperature exceeded 
20°C, which probably is almost every day.  This is certainly 
intolerable. 
However, if a 1.5 knot wind could be assumed, the emergency 
rating at 35°C, 1.5 knot wind would be almost equal to the present 
emergency rating at 20°C and one knot wind.  Fortunately, there 
is some justification for this assumption. 
The data shown previously in Table 1 rounded all wind occur- 
rences to the nearest knot.  When one calculates the probability 
of the wind being less than one knot using this data, one is 
actually calculating the probability of a wind speed of less than 
1.5 knots.  Also, while in the present rating method, the critical 
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ambient conditions could be exceeded by both temperature and 
wind, only wind will remain as a variable now.  By eliminating 
temperature as a variable, more leeway could be given to wind 
without exceeding the 1% probability of exceeding critical ambient 
conditions as set up in the PJM conductor rating method.  Also, 
even conductor manufacturers, who might be expected to be conser- 
vative, use a 2 ft/sec. crosswind (1.2 knots) as a standard 
4 
parameter . 
For purposes of this paper, a 1.5 knot wind will be assumed 
as a constant for calculating conductor emergency ratings. 
However, with the hope that further research will justify use of 
some kind of actual ambient wind speed, the ratings for selected 
conductors found in the Pennsylvania Power & Light Company system 
are shown in Appendix 1 for ambient temperatures ranging from 0°C 
to 35°C and for wind speeds ranging from zero to five knots, 
including 1.5 knots.  However, at this time, the normal conductor 
ratings will be assumed to occur at a zero knot wind, while 
emergency ratings will use a 1.5 knot assumed wind.  Also, until 
it can be fully justified to ignore loss of strength on a parti- 
cular conductor, the increased ratings will be limited to those 
ratings which are calculated to yield a ten percent loss of 
strength.  These limits are printed on each rating page in Appendix 
1.  For completeness, the ambient temperature factors calculated 
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for terminal equipment and the temperature limits for the various 
types of materials and equipment are repeated as Appendix 2.  If 
no information is available on a particular terminal facility, 
the minimum ratings which appear in these tables can be safely 
used. 
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CHAPTER 4 
SAMPLE APPLICATIONS OF DYNAMIC TRANSMISSION FACILITY RATINGS 
The Brunner Island-West Hempfield 230 KV transmission line 
has often been the limiting facility for transfers from the 
Northern and Western PJM areas into the Southern area.  Its 795 
KCMIL 26/7 ACSR conductor designed for a maximum temperature of 
125°C has a summer normal rating of 1053 amperes (420 MVA) and a 
summer emergency rating of 1301 amperes (520 MVA).   The terminal 
equipment, which consists of 2000 ampere circuit breakers, 1600 
ampere line traps and 1200 ampere disconnects, is not a limiting 
factor. 
The limit is generally on the emergency rating for the loss 
of the Brunner Island-South Akron 230 KV line and the relief 
consisted of "running back" Brunner Island generation.  The 
Brunner Island-South Akron line has a 38% distribution factor 
effect on the Brunner Island-West Hempfield line (i.e., 38% of 
Brunner Island-South Akron's pre-contingency flow will appear on 
the Brunner Island-West Hempfield line post-contingency).  Brunner 
Island generation has a 17% effect on the Brunner Island-West 
Hempfield line flow and a 9% effect on the Brunner Island-South 
Akron line flow.  Therefore, Brunner Island generation has a 
This line has recently been upgraded to operate at 140°C. 
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20% effect on this contingency (.. 38 x . 09 + . 17 = .204).  This 
means that it will require a five megawatt (MW) reduction of 
Brunner Island generation for each MW that the contingency flow 
exceeds the emergency rating. 
Since this contingency limit often occurred during spring 
mornings, a temperature in the 15°C to 20°C range was typical at 
the time of the overload.  Using the 20°C, 1.5 knot emergency 
rating of 1413 amperes (562 MVA) 795 KCMIL 26/7 ACSR found in 
Appendix 1 would allow approximately a 40 MW increase in the 
emergency rating which in turn would save approximately 200 MW of 
generation runback required at Brunner Island.  Using the typical 
cost for off-cost generation in PJM of ten mils per kwh (or ten 
dollars per MWH), taking advantage of the correct ambient temperature 
would save $2,000 per hour. 
In calculating the new rating, only the increase in conductor 
rating was examined.  This can be justified for daytime ratings 
whenever a conductor designed at 125°C or higher is limiting for 
the ratings calculated at the highest temperature.  Comparison 
of the terminal equipment rating factors with Figure 4 for conductor 
rating increases with decreasing ambient temperature will show 
that the terminal equipment ratings increase at a faster rate 
than the conductor rating even when using the minimum terminal 
equipment ratings. 
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For nighttime ratings and for conductors designed for maximum 
temperatures below 125°C, this generalization cannot be made for 
all terminal equipment.  It could still be safely assumed that if 
the disconnect were not limiting for the ratings calculated for 
the highest temperature, it will not limit the daytime ratings 
when the specific ambient temperatures are used.  In the case of 
circuit breakers, it would depend on the particular circuit 
breaker material classes involved.  This assumption would also be 
invalid for all types of line traps since none increase at greater 
than a three percent rate for each 5°C ambient temperature decrease, 
while a conductor designed for a 93°C maximum temperature increases 
rating at four to five percent for each 5°C incremental decrease 
in ambient temperature. 
Another typical "bottleneck" on the Pennsylvania Power & 
Light Company system has been the Hosensack-Wescosville 230 KV 
line.  This 795 KCMIL 30/19 ACSR conductor is limited to a maximum 
temperature of 105°C.  This limit has generally occurred on 
winter peak days when the generating units at Montour were out of 
service.  The emergency rating was usually limiting for the 
failure of the Juniata-Sunbury 230 KV line. 
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The solution to this overload consisted in starting the high 
cost combustion turbine generation in the Northern portion of the . 
system.  Since the Juniata-Sunbury line has a 34% distribution 
factor effect on the Hosensack-Wescosville line and running the 
combustion turbines has an average effect of about 25% on Juniata- 
Sunbury and approximately a 17% effect on the Hosensack-Wescosville 
230 KV line, the effect of the combustion turbines is approximately 
25% (.34 x .25 + .17 = .255). 
On the Hosensack-Wescosville line, the terminal equipment 
consists of 1200 ampere and 1600 ampere disconnect switches, 2000 
ampere line traps and 2000 ampere circuit breakers.  By using a 
conservative 0°C ambient temperature and the 1.5 knot wind assumption 
for a typical winter high load day, the present 1250 ampere (498 
MVA) winter emergency conductor rating can be increased to 1429 
amperes (569 MVA).  Since this rating does not exceed the maximum 
winter emergency rating for ten percent loss of strength, it can 
be used.  The resulting 71 MVA increase in capability would save 
approximately 280 MW of combustion turbine generation.  Using the 
average ten dollars per MWH figure cited previously for off cost 
generation, one can calculate a savings of approximately $2800 
per hour. 
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Once again, the terminal equipment was not a limit, although 
in this case, since the line was designed for less than 125°C, 
the 1200 ampere disconnect merited checking. As expected from 
the previous discussion on disconnect switch ratings as affected 
by specific ambient temperatures, the switch's rating at a 0°C 
ambient temperature (1932 amperes) is well above the conductor 
limit of 1429 amperes. 
One final example involves a slight variation.  When the 
Yards Creek pumped storage units are operating in the pumping 
mode, typically after midnight, the Martins Creek-Bushkill- 
Kittatinny 230 KV line is sometimes limiting along one portion or 
the other for loss of the Martins Creek-Portland 230 KV line. 
Since this line is a three terminal line with a tie at Bushkill, 
both the Martins Creek-Bushkill portion and the Bushkill-Kittatinny 
portion must be checked for limitations.  The portion from Martins 
Creek to Bushkill utilizes 795 KCMIL 54/7 ACSR conductor designed 
for 140°C maximum temperature while the Bushkill to Kittatinny 
portion is strung with 1590 KCMIL 45/7 ACSR with a 125°C maximum 
design temperature.  When the input at Bushkill is less than 
about 200 MW, as is generally the case and will be assumed here, 
the transfer limit is in the Martins Creek to Bushkill portion of 
the line. 
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Assuming a warm night, and using a 20°C ambient temperature, 
the 1.5 knot wind for emergency ratings and using nighttime 
ratings, the present 1374 ampere emergency rating (546 MVA) can 
be increased to 1559 amperes (620 MVA).  Since this is within the 
emergency rating allowed to be used without exceeding the ten 
percent loss of strength limit, it can be used.  Since the terminal 
equipment in this case consists of 2000 and 3000 ampere disconnect 
switches, 2000 ampere circuit breakers and 3000 ampere line 
traps, the terminal equipment will not limit, even though nighttime 
conditions are assumed on the conductor. 
The two most cost effective means of containing the overload 
were taking off pumps at Yards Creek or reducing generation at 
Martins Creek.  Since there is usually a smaller cost penalty 
associated with reducing Martins Creek generation, that assumption 
will be used here.  The Martins Creek generation has a 30% effect 
on the Martins Creek-Portland line and a 7% effect on the Martins 
Creek-Bushkill portion of the Martins Creek-Kittatinny line.  The 
effect of the loss of Martins Creek-Portland on Martins Creek- 
Bushkill is 32%.  Therefore, the effect on the contingency of 
reducing Martins Creek generation is 17% (.30 x . 32 + .07 = .17). 
Even using a smaller penalty of five dollars per MWH for "off cost" 
operation of Martins Creek due to its relatively high running 
rate and the lower nighttime running rate for PJM, savings of 
$2100 per hour could be realized. 
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It can be seen that in the usual cases, where we are concerned 
about daytime ratings and where the conductor itself is the 
limiting facility in the transmission path in the present rating 
methods, many times it will be sufficient to consider only the 
conductor in rerating for specific ambient conditions.  In other 
cases, the nameplate ratings of the terminal equipment will be 
the only additional input required as even the minimum terminal 
equipment increases will be greater than the conductor rating 
increases.  In the most complicated cases, the specific data from 
the manufacturer may be required in order to make fullest use of 
allowable temperature increases.  In all cases, however, with a 
minimum amount of effort, the ratings of the transmission facilities 
can be significantly improved without additional danger of exceeding 
the facilities' design criteria. 
The costs associated with ratings using ambient temperature are 
significantly lower than the expected benefits.  Only a slight 
increase in disc space will be required to store the rating tables 
instead of the present ratings, so no additional hardware costs are 
expected.  Software costs to implement this rating method at Penn- 
sylvania Power & Light Company have been estimated at $5,000.  After 
the initial input efforts, data maintenance is expected to be 
minimal.  Given the large economic benefit to be gained and the 
minimal cost of implementation, it would be imprudent not to rate 
transmission facilities for actual ambient conditions in operating 
situations. 
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
An electric power system must be operated to its full capability 
to avoid spending more capital than required for system facilities 
and to avoid off-economic operation of system generation.  At the 
same time, care must be taken to avoid violating safety rules, 
particularly National Electric Safety Council clearance limits, 
and to avoid jeopardizing system reliability. 
It has been demonstrated that using actual ambient temperature 
and solar heating conditions can significantly increase transmission 
facility ratings and therefore, transfer capability.  In cases 
where lines are presently marginally overloaded, these new ratings 
can often provide enough margin to defer physical uprating or 
construction of new facilities.  In the present economic situation, 
these savings cannot be ignored. 
An area which deserves further exploration is that of deter- 
mining actual ambient wind conditions.  Since it has been shown 
that an increase of only a few knots of ambient wind assumed 
results in rating increases in excess of 50%, there is much 
potential in this area. 
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However, to realize the full potential of ambient wind 
effects on ratings, a method of determining actual minimum wind 
speed along the subject transmission line must be discovered. 
The most promising possibility would be a method of relating the 
wind speed at some easily accessible station to minimum wind 
speed along the line probabilistically. 
Development of a new anemometer which overcomes the problems 
of measuring wind speeds below two knots should be helpful.  However, 
much data-gathering will be required to account for the effect of 
terrain and other local conditions on wind speed. 
It is hoped that this paper will result in use of actual 
ambient temperature and solar conditions to calculate transmission 
line ampacities more precisely in order to more fully utilize the 
existing transfer capability.  It is also hoped that it will spur 
the future research required to allow the use of ambient wind 
conditions which can maximize use of present transmission facilities. 
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DISCONNECT SWITCH RATING FACTORS 
FOR SPECIFIC AMBIENT TEMPERATURES 
Switch Mati Brial Class A 
Temperature 24+ Hr. 2- ■24 Hr. 
°C Normal 
1.00 
Emergency 
1.17 
En lergency 
40 1.33 
35 1.09 1.25 1.40 
30 1.17 1.33 1.47 
25 1.25 1.40 1.54 
20 1.33 1.47 1.60 
15 1.40 1.54 1.66 
10 1.47 1.60 1.72 
5 1.54 1.66 1.78 
0 1.60 
Switch Mati 
1. 72 
erial Class B 
1.84 
Temperature 24+ Hr. 2- -24 Hr. 
°C Normal 
1.03 
Emergency 
1.19 
En fiergency 
40 1.33 
35 1.11 1.26 1.39 
30 1.19 1.33 1.46 
25  <* 1.26 1.39 1.52 
20 1.33 1.46 1.58 
15 1.39 1.52 1.64 
10 1.46 1.58 1.69 
5 1.52 1.64 1.75 
0 1.58 
Switch Mat 
1.69 
erial Class C 
1.80 
Temperature 24+ Hr. 2- -24 Hr. 
°C Normal 
1.04 
Emergency 
1.18 
Ei nergency 
40 1.31 
35 1.11 1.25 1.37 
30 1.18 1.31 1.43 
25 1.25 1.37 1.48 
20 1.31 1.43 1.53 
15 1.37 1.48 1.59 
10 1.43 1.53 1.64 
5 1.48 1.59 1.69 
0 1.53 1.64 1.74 
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Switch Material Class D 
Temperature 24+ Hr. 2- -24 Hr. 
°C Normal 
1.09 
Emergency 
1.20 
Ei nergency 
40 1.31 
35 1.15 1.26 1.36 
30 1.20 1. 31 1.41 
25 1.26 1.36 1.46 
20 1.31 1.41 1.51 
15 1.36 1.46 1.55 
10 1.41 1.51 1.60 
5 1.46 1.55 1.64 
0 1.51 1.60 1.68 
Switch Material Class E 
Temperature 24+ Hr. 2- -24 Hr. 
°C Normal 
1.12 
Emergency 
1.21 
En nergency 
40 1.30 
35 1.17 1.26 1.34 
30 1.21 1.30 1.38 
25 1.26 1.34 1.42 
20 1.30 1.38 1.46 
15 1.34 1.42 1.50 
10 1.38 1.46 1.54 
5 1.42 1.50 1.57 
0 1.46 1.54 1.61 
Minimum 
Temperature 24+ Hr. 2- -24 Hr. 
°C Normal 
1.00 
Emergency 
1.17 
Er nergency 
40 1.30 
35 1.09 1.25 1.34 
30 1.17 1.30 1.38 
25 1.25 1.34 1.42 
20 1.30 1.38 1.46 
15 1.34 1.42 1.50 
10 1.38 1.46 1.54 
5 1.42 1.50 1.57 
0 1.46 1.54 1.61 
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LINE TRAP RATING FACTORS 
FOR SPECIFIC AMBIENT TEMPERATURES 
Type 1 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.09 
Emergency 
40 1.17 
35 1.03 1.12 1.20 
30 1.06 1.14 1.22 
25 1.09 1.17 1.25 
20 1.12 1.20 1.28 
15 1.14 1.22 1.30 
10 1.17 1.25 1.33 
5 1.20 1.28 1.35 
0 1.22 1.30 1.38 
Type 2 
Temperature 24+ Hr. 2- -24 Hr. 
°C Normal 
1.00 
Emergency 
1.07 
Er nergency 
40 1.14 
35 1.025 1.10 1.16 
30 1.05 1.12 1.19 
25 1.07 1.14 1.21 
20 1.10 1.16 1.23 
15 1.12 1.19 1.25 
10 1.14 1.21 1.27 
5 1.16 1.23 1.29 
0 1.19 1.25 1.31 
Type 3 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.10 
Emergency 
40 1.19 
35 1.025 1.12 1.21 
30 1.05 1.14 1.23 
25 1.07 1.16 1.25 
20 1.10 1.19 1.27 
15 1.12 1.21 1.29 
10 1.14 1.23 1.31 
5 1.16 1.25 1.33 
0 1.19 1.27 1.35 
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Type  4 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.07 
Emergency 
40 1.16 
35 1.02 1.09 1.18 
30 1.05 1.12 1.20 
25 1.07 1.14 1.22 
20 1.10 1.16 1.24 
15 1.12 1.18 1.26 
10 1.14 1.20 1.28 
5 1.16 1.22 1.30 
0 1.18 1.24 1.32 
Minimum 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.07 
Emergency 
40 1.14 
35 1.02 1.09 1.16 
30 1.05 1.12 1.19 
25 1.07 1.14 1.21 
20 1.09 1.16 1.23 
15 1.12 1.18 1.25 
10 1.14 1.20 1.27 
5 1.16 1.22 1.29 
0 1.18 1.24 1.31 
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CIRCUIT BREAKER RATING FACTORS 
FOR SPECIFIC AMBIENT TEMPERATURES 
Circuit Breaker Material Clai ss A 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.17 
Emergency 
40 1.33 
35 1.09 1.25 1.40 
30 1.17 1.33 1.47 
25 1.25 1.40 1.54 
20 1.33 1.47 1.60 
15 1.40 1.54 1.66 
10 1.47 1.60 1.72 
5 1.54 1.66 1.78 
0 1.60 1.72 1.84 
Circuit Breaker Material Class B 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.15 
Emergency 
40 1.29 
35 1.08 1.22 1.35 
30 1.15 1.29 1.41 
25 1.22 1.35 1.47 
20 1.29 1.41 1.53 
15 1.35 1.47 1.58 
10 1.41 1.53 1.64 
5 1.47 1.58 1.69 
0 1.53 1.64 1.74 
Circuit Breaker Material Class C 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.13 
Emergency 
40 1.25 
35 1.07 1.19 1.31 
30 1.13 1.25 1.36 
25 1.19 1.31 1.42 
20 1.25 1.36 1.47 
15 1.31 1.42 1.52 
10 1.36 1.47 1.57 
5 1.42 1.52 1.62 
0 1.47 1.57 1.66 
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Circuit Breaker Material Class D 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.11 
Emergency 
40 1.21 
35 1.05 1.16 1.25 
30 1.11 1.21 1.30 
25 1-16 1.25 1.34 
20 1.21 1.30 1.39 
15 1.25 1.34 1.43 
10 1.30 1.39 1.47 
5 1.34 1.43 1.51 
0 1.39 1.47 1.55 
Circuit Breaker Material Class E 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.10 
Emergency 
40 1.19 
35 * 1.05 1.14 1.23 
30 1.10 1.19 1.27 
25 1.14 1.23 1.31 
20 1.19 1.27 1.35 
15 1.23 1.31 1.39 
10 1.27 1.35 1.43 
5 1.31 1.39 1.47 
0 1.35 1.43 1.51 
Circuit Breaker Material Clai ss F 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.08 
Emergency 
40 1.16 
35 1.04 1.12 1.20 
30 1.08 1.16 1.23 
25 1.12 1.20 1.27 
20 1.16 1.23 1.31 
15 1.20 1.27 1.34 
10 1.23 1.31 1.37 
5 1.27 1.34 1.41 
0 1.31 1.37 1.44 
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Circuit Breaker Material Class G 
Temperature 24+ Hr. 2-24 Hr. 
°C Normal 
1.00 
Emergency 
1.07 
Emergency 
40 1.13 
35 1.03 1.10 1.16 
30 1.07 1.13 1.19 
25 1.10 1.16 1.22 
20 1.13 1.19 1.25 
15 1.16 1.22 1.28 
10 1.19 1.25 1.31 
5 1.22 1.28 1.34 
0 1.25 1.31 1.36 
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97 
Department in February, 1977 as a Senior Project Engineer in the 
Distribution Planning Section where his main responsibility is 
supervision. 
The author was a lecturer at Lehigh University in Power 
System Analysis I during the Fall Term of 1976. 
He and his wife, Diane T. Sipics, reside in Catasauqua with 
their two children, Kristen and Michael. 
98 
